The brainstem is a critical structure that regulates vital autonomic functions, houses the cranial nerves and their nuclei, relays motor and sensory information between the brain and spinal cord, and modulates cognition, mood, and emotions. As a primary relay center, the fiber pathways of the brainstem include efferent and afferent connections among the cerebral cortex, spinal cord, and cerebellum. While diffusion MRI has been successfully applied to map various brain pathways, its application for the in vivo imaging of the brainstem pathways has been limited due to inadequate resolution and large susceptibility-induced distortion artifacts. With the release of highresolution data from the Human Connectome Project (HCP), there is increasing interest in mapping human brainstem pathways. Previous works relying on HCP data to study brainstem pathways, however, did not consider the prevalence (>80%) of large distortions in the brainstem even after the application of correction procedures from the HCP-Pipeline. They were also limited in the lack of adequate consideration of subject variability in either fiber pathways or region of interests (ROIs) used for bundle reconstruction. To overcome these limitations, we develop in this work a probabilistic atlas of 23 major brainstem bundles using high-quality HCP data passing rigorous quality control. For the large-scale data from the 500-Subject release of HCP, we conducted extensive quality controls to exclude subjects with severe distortions in the brainstem area. After that, we developed a systematic protocol to manually delineate 1300 ROIs on 20 HCP subjects (10 males; 10 females) for the reconstruction of fiber bundles using tractography techniques. Finally, we leveraged our novel connectome modeling techniques including high order fiber orientation distribution (FOD) reconstruction from multi-shell diffusion imaging and topography-preserving tract filtering algorithms to successfully reconstruct the 23 fiber bundles for each subject, which were then used to calculate the probabilistic atlases in the MNI152 space for public release. In our experimental results, we demonstrate that our method yielded anatomically faithful reconstruction of the brainstem pathways and achieved improved performance in comparison with an existing atlas of cerebellar peduncles based on HCP data. These atlases have been publicly released on NITRIC (https://www.nitrc.org/ projects/brainstem_atlas/) and can be readily used by brain imaging researchers interested in studying brainstem pathways.
Introduction
The brainstem plays a central role in efferent and afferent connections among the cerebral cortex, spinal cord and the cerebellum (Carpenter, 1976) . Within this small and compact structure, the multitude of neuronal cell bodies in brainstem and their processes also comprise complex networks. From a connectome point of view, the brainstem is the site of origin, termination or relay center of many ascending and descending pathways (Standring, 2016) . Fiber pathways in the brainstem are essential for sensory and motor functions, and they are known to be affected in a wide spectrum of neurological disorders such as the Alzheimer's disease (AD), Parkinson's disease (PD), multiple sclerosis, amyotrophic lateral sclerosis, hearing loss and sleep disorders (Delano--Wood et al., 2015; Grinberg et al., 2011; Jack et al., 2013; Jones and Pons, 1998; Simic et al., 2009) . In particular, the recently updated Braak stages of AD indicate that tau pathology in the locus coeruleus (LC) of the brainstem is an early event and propagation can occur to the transentorhinal cortex . It has also been reported that LC degenerates progressively with AD severity (Theofilas et al., 2017) . Damage to the brainstem is often devastating and life-threatening because it is a structurally and functionally compact region, where even small lesions can destroy centers vital for arousal or autonomic functions, disconnect forebrain motor areas from brainstem and spinal motor neurons, or sever incoming sensory fibers from higher centers of consciousness, perception and cognition (Lucey, 2016; Parraga et al., 2016; Sala et al., 2007; Yagmurlu et al., 2014) . Therefore, the brainstem is often regarded as a restricted zone in neurosurgery.
Compared with the extensive use of diffusion MRI in studying the white matter connectivity of the forebrain (Catani and Thiebaut de Schotten, 2012; Mori et al., 2004) , there has been limited research on the in vivo mapping of brainstem connectomes. Previous research based on cytoarchitecture studies have laid a great foundation by providing many detailed characterizations of brain stem nuclei in many highly valuable atlases (Büttner-Ennever et al., 2014; Haines, 2014; John Nolte, 2013; Paxinos et al., 2012; Paxinos and Huang, 1995) . Current brain anatomy research focuses on mapping the pathways of brainstem nuclei such as the locus coeruleus, where challenges remain even in animal studies (Schwarz and Luo, 2015) . For diffusion MRI studies, the focus is thus mostly on well-known motor, sensory, and cerebellar peduncles in brainstem. For the 3D modeling of brainstem pathways, diffusion MRI were successfully applied to postmortem brainstem samples for the reconstruction of major pathways (Aggarwal et al., 2013; Calabrese et al., 2015; Ford et al., 2013) , but such methods require long scanning times and are not practical for in vivo studies. While it is feasible to study some of the major brainstem bundles with conventional diffusion MRI (Alvarez-Linera, 2010; Chen et al., 2007; Salamon et al., 2005; Stieltjes et al., 2001; Wakana et al., 2007) , the limited resolution and image quality have made a large-scale comprehensive investigation of human brainstem pathways challenging.
With multiband and other advanced MRI techniques such as multishell imaging, the Human Connectome Project (HCP) has developed MRI protocols to acquire multi-shell diffusion MRI (dMRI) for connectome studies at a resolution that is almost an order of magnitude higher than conventional approaches (Van Essen et al., 2012) . Using the high-resolution HCP data, an atlas of brainstem bundles was recently proposed (Meola et al., 2016b) , but this study only computed bundles on an average dataset of 488 HCP subjects, so individual variability was not represented. More importantly, all subjects were treated equally in this and reproduced with permission), we manually delineate ROIs on the tract density images (TDI) data derived from FOD-based tractography (bottom) for the extraction of specific fiber bundles. Here we use the medium lemniscus (ML) pathway as an example. (D) By applying our methods to the connectome imaging data, a rich set of 23 bundles will be reconstructed in this work. As an illustration, we plot here the middle cerebellar peduncle (yellow), cortico-spinal tract (left: blue; right: cyan), and the medium lemniscus (left: green; right: red). study without considering the widely present susceptibility-induced distortion artifacts of HCP data in the brainstem region, which we will discuss in more detail in the method section, thus potentially compromising the quality of the data used for atlas construction. In a related study, the HCP data of 90 subjects were used to construct a probabilistic atlas of cerebellar peduncles (van Baarsen et al., 2016) . This atlas overcomes some limitation of previous cerebellar white matter atlases (Varentsova et al., 2014) such as the successful representation of the fiber crossings of the superior cerebellar peduncle. This work, however, did not consider the variable distortion artifacts in HCP data either and all subjects were included in atlas construction without quality control on the brainstem area of these datasets. Furthermore, another limitation of this study is that only ROIs delineated in the MNI152 atlas image were used for bundle reconstruction in individual subjects. For studying the ascending reticular activating system (ARAS), connectome imaging techniques were also applied to explore fiber pathways between brainstem and forebrain regions (Edlow et al., 2012 (Edlow et al., , 2015 .
In this work, we develop and publicly distribute a novel probabilistic atlas of 23 brainstem pathways using HCP data of the highest quality with minimal distortion artifacts in the brainstem area (Fig. 1) . Compared with previous atlases on brainstem pathways, our work has the following novel contributions: First, we conduct extensive quality control on the connectome imaging data of 488 HCP subjects with complete diffusion MRI scans from the HCP-500 release to exclude datasets with significant distortion in the brainstem area. This is a critical issue as more than 80% of the HCP subjects have severe distortions in the brainstem area even after the application of the correction procedures from the HCP-Pipeline (Glasser et al., 2013) . This quality control allows us to fully leverage the high-resolution HCP data for brainstem research without being compromised by the distortion artifacts in this area ( Fig. 1(A) and (B) ). Second, we use our novel connectome modeling techniques including fiber orientation distribution (FOD) reconstruction from multi-shell imaging data (Tran and Shi, 2015) (Fig. 1(A) and (B)) and tract filtering based on topographic regularity (Wang et al., 2017) for fiber bundle reconstruction. Third, we manually delineate ROIs on each subject using the high-resolution tract density images (TDI) (Calamante et al., 2010a) derived from FOD-based tractography to ensure the accurate placement of white matter boundaries for bundle reconstruction (Fig. 1(C) ). In total 1300 ROIs were manually delineated on 20 HCP subjects with reference to stained histology sections for the reconstruction of brainstem bundles. Compared with previous works using HCP data that only labeled ROIs on one image, our efforts can provide more accurate delineation of bundle boundaries. We demonstrate in our experimental results that our method can generate high-quality and anatomically faithful reconstruction of brainstem pathways ( Fig. 1(D) ). Using the fiber bundles from the 20 HCP subjects, we computed the probabilistic atlases of 23 brainstem bundles in the standard MNI152 space. These atlases have been publicly released on the NITRIC (https:// www.nitrc.org/projects/brainstem_atlas/) and are included in the supplement.
Materials and methods

MRI data
T1-weighted 3D structural MRI and multi-shell diffusion MRI (dMRI) data of 488 subjects (289 females, 199 males; age ¼ 29.15 AE 3.47 (mean AE SD) years) with complete diffusion imaging data from the 500-Subject release of HCP were used in this study. The data were acquired in a modified Siemens 3T Skyra scanner with a customized protocol (Sotiropoulos et al., 2013) . The T1-weighted MRI has an isotropic spatial resolution of 0.7 mm, and the dMRI data has an isotropic spatial resolution of 1.25 mm. The multi-shell dMRI data were collected over 270 gradient directions distributed over three b-values (1000, 2000, 3000 s/mm 2 ). For each subject, the multi-shell dMRI data were collected with both L/R and R/L phase encodings using the same gradient table, which were then merged into a single copy of multi-shell dMRI data after the correction of distortions with the HCP Preprocessing Pipeline (Glasser et al., 2013) .
FOD computation from multi-shell imaging
FODs were computed at each voxel to provide a probabilistic representation of the fiber direction. Here we utilized a novel FOD algorithm we developed recently for multi-shell imaging data (Tran and Shi, 2015) . In this algorithm, the diffusion imaging signals at each voxel are modeled as composed of contributions from diffusion in the intra-axonal compartment, extra-axonal compartment and the DOT model (Panagiotaki et al., 2012) with negligible diffusion. The compartment modeling allows the robust reconstruction of FODs from multi-shell imaging data and the reconstruction of challenging brain pathways such as the Meyer's loop in the optic radiation (Kammen et al., 2016) . As an illustration, we show in Fig. 2 the reconstructed FODs in various brainstem areas of an HCP subject, which demonstrates that the FODs computed from the high-resolution HCP data provide very detailed characterizations of the fiber pathways in the brainstem.
Computation of tract density imaging (TDI) data
TDI provides an opportunity to gain high spatial resolution of white matter image using a post-processing approach based on fiber tractography (Calamante et al., 2010b) . With TDI data, the anatomical contrast of brain white matter is enhanced for further analysis. Using the FODs generated by our algorithm, we ran whole brain tractography using a probabilistic tractography tool in MRTrix (Tournier et al., 2007) to generate 20 million fiber tracts for producing TDI data (Fig. 3) . For each subject, the TDI image was then calculated at an isotropic spatial resolution of 0.5 mm and represented as a directionally-encoded color (DEC) map to incorporate fiber directionality information. The colored TDI map facilitates the manual annotation of white matter ROIs because of its high anatomical contrast and encoded directionality information. 
Quality evaluation of susceptibility distortion correction and subject selection
The dMRI data from HCP were acquired using echo planar imaging (EPI) technique, which is an efficient acquisition approach with high signal-to-noise ratio (SNR). However, the susceptibility of the magnetic field to the boundary between different tissues leads to geometrical distortions along the phase encoding (PE) direction. To tackle this problem, the HCP acquired dMRI data from two opposite PE directions (Andersson et al., 2003; Holland et al., 2010) and merged them into one corrected dataset using the estimated deformation fields from opposite PEs (Andersson et al., 2016) , which is the preprocessed data released by HCP. Due to the tissue/air boundary around the brainstem region, however, the distortions of brainstem are usually more severe than other brain regions. Consequently, the residual distortions contained in the preprocessed HCP data can still severely compromise the analysis of brainstem fiber pathways. This can be clearly seen from the two examples shown in Fig. 3 , where we can see the brainstem structures are very disorganized in mid-pons for the unsatisfactory case. To further identify the root of the problem, we computed the FODs in a brainstem area of an HCP subject using data of each PE after distortion correction (Fig. 4 (C) and (D)) but before they were merged, which will be the final output of the HCP-Pipeline. As shown in Fig. 4 (E) and (F), we can clearly see the brainstem anatomy is severely misaligned even though the "corrected" B0 images appear undistorted in Fig. 4(C) and (D) . Therefore, it is unlikely we will have a reliable estimation of fiber orientations with data generated by merging these preprocessed data from each PE. This is because the B0 image does not have enough contrast to resolve the complex brainstem anatomy and hence is an inherent challenge for studying brainstem connectomes with the HCP data.
To ensure only subjects with high quality data were used for brainstem bundle reconstruction, we screened data from all 488 subjects by visually inspecting the quality of their TDI and T1-weighted MRI. In total, only 70 of the 488 subjects were determined to have relatively good image quality. After exclusion of family members and careful consideration of gender balances, we selected 20 HCP subjects (10 males and 10 females) with high quality connectome imaging data for our atlas construction. Demographic details of the subjects used in this study have been included in the supplementary materials.
Fiber bundles included in the atlas
The brainstem is rather compact both structurally and functionally with many small fiber pathways carrying cortical and spinal projections from nuclei within the brainstem. Even with the connectome imaging techniques, it is unrealistic to label and reconstruct all the fiber tracts in the brainstem in vivo. In this work, we reconstruct 23 major brainstem fiber bundles (Table 1 ) from the cohort of 20 HCP subjects with high quality connectome imaging data. We choose those bundles in our atlas for the following reasons. First, these bundles are structurally and Table 1 ROI-based protocols for the reconstruction of 23 brainstem bundles (CST: corticospinal tract; FPT: frontopontine tract; POTPT: parieto-occipito-temporo-pontine tract; ML: medial lemniscus; STT: spinothalamic tract; LL: lateral lemniscus; SCP: superior cerebellar peduncle; SCPCT: cerebellothalamic tract of SCP; SCPCR: cerebellorubral tract of SCP; SCPSC: anterior spinocerebellar tract of SCP; MCP: middle cerebellar peduncle; ICP: inferior cerebellar peduncle; ICPMCT: ICP tracts from the medulla oblongata to the cerebellum; ICPVCT: vestibulocerebellar tract of ICP). See supplemental material for a detailed description of the ROIs.
: tracts stop when they reach this ROI. : tracts start from this ROI.
functionally well-characterized in brain anatomy. Second, critical sections of the bundles can be clearly identified on the TDI or structural MRIs, which allows for the reliable delineation of anatomical ROIs for tractography-based reconstruction. Third, once reconstructed, these major bundles can serve as reference landmarks for the segmentation of other structures within the brainstem. Overall these 23 brainstem bundles can be divided into three groups: 1) Major motor tracts running principally on the ventral surface of the brainstem: the corticospinal tract (CST), the fronto-pontine tract (FPT), and the parieto-occipito-temporopontine tract (POTPT); 2) Major sensory tracts including the medial lemniscus (ML), the spinothalamic tract (STT), and the lateral lemniscus (LL); 3) Cerebellar peduncles that include the superior cerebellar peduncle (SCP), the middle cerebellar peduncle (MCP), and the inferior cerebellar peduncle (ICP). More specifically, the SCP is mainly composed of the anterior spinocerebellar tract (SCPSC), the cerebellorubral tract (SCPCR), and the cerebellothalamic tract (SCPCT). The ICP mainly consists of afferent tracts from the medulla oblongata to the cerebellum (ICPMCT) (i.e., restiform body) and the vestibulocerebellar tract (ICPVCT). Instead of treating the SCP and ICP as single bundle, which was typical in previous works, we reconstruct these individual components in our project. This in turn provides a more fine-grained atlas for these cerebellar pathways.
ROI-based bundle reconstruction
Following previous works on fiber bundle reconstruction (Catani and Thiebaut de Schotten, 2012; Oishi et al., 2009), we adopted an ROI-based approach for brainstem bundle reconstruction. Several detailed atlases of stained histological sections (Nolte, 2008 Paxinos et al., 2012) and the well-known brainstem anatomy (Standring, 2016) were referenced for the definition of the 23 white matter tracts within the brainstem. Most of the labels were annotated on the TDI data, which can provide high spatial resolution and clear anatomical contrast of white matter regions. For gray matter regions such as the inferior colliculus ( Fig. 5 (G) and (H)), we labeled them on the co-registered T1-weighted MRI from the HCP Preprocessing Pipeline (Glasser et al., 2013) . We also used automatically segmented brain regions including the thalamus and cerebellum from FreeSurfer (Fischl, 2012) for bundle reconstruction. Manual ROI delineation was performed by an experienced anatomist (Y. Tang) and reviewed by two other team members with experience in brain anatomy and bundle reconstruction (J. Ringman and Y. Shi). The delineation process was performed using the ITK-SNAP software (Yushkevich et al., 2006) . For each fiber bundle, we developed a delineation protocol with a set of inclusion ROIs that the bundle must touch. In addition, we also included start and end ROIs for certain bundles where a clear anatomical definition was available. Whenever possible, we used stained histological sections at comparable brainstem locations as reference for the delineation on the TDI image. As a demonstration, we show in Fig. 5(A) -(F) the side-by-side comparisons of ROIs on histology and TDI sections at the midbrain, pons, and the medulla oblongata. For each bundle, we denote an ROI using a combination of bundle name, the hemisphere, and its order in all ROIs of the bundle. For example, the x-th ROI of the CST bundle on the left and right hemisphere are named as CST_Lx and CST_Rx, respectively. A detailed description of the delineation protocol and ROIs for all bundles are included in the supplemental material.
A summary of the reconstruction protocol using FOD-based tractography is listed in Table 1 . For each bundle, the ROIs are listed in the order through which a fiber tract should pass. When an ROI is used as the starting point of the bundle, we color it as green. For ROIs used as the end point of a bundle, we color them as red. In particular, we want to mention that the MCP is reconstructed as the combination of three bundles to capture fiber tracts from the pontine nuclei to the cerebellum (1. Fiber tracts from pontine nuclei to the left cerebellum; 2. Fiber tracts from pontine nuclei to the right cerebellum; 3. Fiber tracts successfully traversing the whole trajectory from the left to right cerebellum). Following the ROI-based protocols in Table 1 , we run the probabilistic tractography tool in MRTrix (Tournier et al., 2007) based on the FODs computed by our novel algorithm for multi-shell imaging. The same tractography parameters: step_size ¼ 0.125 mm, angle ¼ 4 , and cutoff_threshold ¼ 0.025 were used for all bundles. After a bundle is computed with FOD-based tractography, we applied a novel tract filtering algorithm based on topographic regularity (Wang et al., 2017) to remove outlier tracts and obtain the final bundle for atlas construction.
Probabilistic atlas construction
Using the ANTS software (Avants et al., 2008) , a nonlinear warp was first computed to register the T1-weighted MRI of each HCP subject to the MNI152 space. Given a reconstructed brainstem bundle, we first computed its TDI and normalized it with its maximum intensity, which created a fraction map with intensities between 0 and 1. The fraction maps of the same bundle from all subjects were then warped to the MNI152 space using the nonlinear warp computed by ANTS. The warped fraction maps were finally summed together and divided by the number of subjects to obtain the probabilistic atlas of this bundle. This process was repeated for all bundles to create the probabilistic atlas of 23 brainstem bundles in the MNI152 space (Supplemental Material).
Results
Main brainstem pathways from HCP subjects
Following the protocols in Table 1 , we successfully reconstructed the 23 brainstem bundles in all 20 HCP subjects. The reconstructed bundles from three representative subjects are shown in Fig. 6 from the frontal and lateral views. Main bundles have been plotted with distinct colors and annotated with different numbers for their easy identification. These results provide an overview of the brainstem connectomes formed by these major bundles, and their topographic arrangements within the brainstem.
To more clearly present the trajectories of the reconstructed fiber bundles, we divide them into three groups and show the results from the same three subjects in Fig. 7 . The first group of tracts consist of the major motor tracts (FPT, CST, and POTPT) from both hemispheres. All three tracts originate from the cerebral cortex and pass through the internal capsule to reach the brainstem. We only reconstruct these tracts after they enter the brainstem at the cerebral peduncle. As shown in Fig. 7(A) -(C), they are principally located along the ventral surface of the brainstem. Both the FPT and POPPT terminate at the pontine nuclei, and the CST continues along the pyramid part of the medulla oblongata. The second group of tracts include the bilateral sensory tracts (ML, STT, LL) and are shown in Fig. 7(D) and (E). We can see that they pass through the dorsal area of the pons and are located posteriorly to the motor tracts. As the ML and STT travel from the medulla oblongata toward the midbrain, the STT maintains a posterolateral position with respect to the ML in both the pons and midbrain. Both the ML and STT project to the ventral posterolateral (VPL) nucleus of the thalamus. The LL terminates at the inferior colliculus. The third group of tracts from the cerebellar peduncles (SCP, MCP and ICP) are shown in Fig. 7(F)-(H) . For the SCP, we only show the SCPCT component to demonstrate that our method successfully captured their crossing around the red nucleus on their way from the cerebellum to the thalamus on the opposite hemisphere. The SCP from the left and right cerebellar hemisphere are colored in blue and red, respectively. We show the MCP as a single bundle and color it as cyan. The MCP mostly connects the pontine nuclei to the opposite hemisphere of the cerebellum, and is located lateral to both the SCP and ICP in the cerebellum as clearly demonstrated in our reconstruction results. For the ICP, we merge the ICPMCT and ICPVCT components on each hemisphere for this visualization. The ICPMCT is an afferent compact fiber tract composed of the posterior spinocerebellar fibers and the trigeminocerebellar, cuneocerebellar, reticulocerebellar and olivocerebellar tracts from the medulla oblongata. The ICPVCT starts from the vestibular nucleus, travels through the pontine tegmentum and ends in the cerebellar cortex. The left and right ICP are plotted as yellow and green, respectively. Some projection of brainstem bundles to the thalamus have been described in neuroanatomy. To further illustrate the high-quality reconstruction achieved by our method, we plotted in Fig. 8 the projection of the SCP, ML, and STT onto the thalamic surfaces and show that they are consistent with descriptions in brain anatomy (Haines, 2013; Standring, 2016) . We can clearly see that the SCP bundles project to the ventrolateral and anterior nuclei of the thalamus on the opposite hemisphere. For ML and STT, they both project to the ventral posterolateral (VPL) nuclei of the thalamus on the same hemisphere.
Probabilistic atlas of brainstem bundles in the MNI152 space
Using the reconstruction results from all 20 HCP subjects, we have computed the probabilistic atlas for each of the 23 brainstem bundles in the MNI152 space. The NIFTI file of the 23 atlases are included in the supplemental material and have been publicly distributed on the NITRC website (https://www.nitrc.org/projects/brainstem_atlas/). In Fig. 9 , we present a snapshot of the atlases of the 23 bundles. For each bundle except the MCP, we plotted the left and right tracts in blue and red, respectively, on a representative axial, coronal, and sagittal slice. On the left column of Fig. 9 , we plotted the atlases of motor and sensory tracts.
Tracts from the cerebellar peduncles were plotted in the right column of Fig. 9 . The SCPCT and SCPCR include the efferent fibers of SCP and their crossings have been clearly captured and shown on the axial slices. The SCPSC represents the afferent tracts of SCP, most prominently the anterior spinocerebellar tract. The atlas of two ICP components (ICPMCT and ICPVCT) are also plotted on the lower right corner of Fig. 9 . While they exhibit similar appearances because their fiber tracts do follow a closely attached trajectory, the VN component (ICPVCT) can still be observed to occupy a slightly more posterior position.
To quantify the variability of individual subjects with respect to the probabilistic atlas, we calculated the pairwise overlap of warped tracts among the 20 HCP subjects in the MNI152 space. By thresholding each bundle atlas at a given probability level, we generated a mask and computed the pairwise Dice overlap coefficient among the 20 subjects within this mask. For every bundle, 190 pairwise Dice coefficients were thus computed at each probability level. At the probability level of 10% and 30%, box plots of the Dice coefficients of each bundle are shown in Fig. 10(A) and (B) , respectively. With the increase of the probability level from 10% to 30%, we can see that the overlap of the warped tracts also increases to a higher level (>0.9). Due to the sparse fiber tracts of the SCP and ICP bundles in the cerebellum region, we observe relatively higher variability in these two bundles as compared to the motor and sensory tracts.
Comparison with a previous atlas of cerebellar peduncles
Besides the motor and sensory tracts that are contained within the brainstem, our atlases included cerebellar peduncles reconstructed using the HCP data. It is thus desirable to compare with the previous atlas of cerebellar peduncles also constructed from HCP data (van Baarsen et al., 2016) . The main distinction of our work is that we have more detailed ROI controls on each subject. We have also reconstructed individual components of SCP and ICP, while the previous atlas treated them as a single bundle. As a demonstration, we plotted in Fig. 11 the atlas of the left SCP bundle that projects to the right thalamus from both atlases. We can see in general both atlases follow a similar trajectory when the SCP travels from the brainstem toward the thalamus. The main difference is that our atlas does not include the spurious branch contained in the previous atlas. This is because we included ROIs around the red nucleus in our SCPCT protocol (Table 1) .
Discussion
In our research, 23 brainstem fiber bundles were reconstructed, which can be divided into three groups according to their pathways and functional properties. The motor tracts including the CST, FPT and POTPT occupy the basal lamina (cerebral peduncle in midbrain, basal portion in pons and pyramid in medulla). The major sensory tracts including the ML, STT, LL are in the tegmentum with a relatively stable topographic relationship. As demonstrated in Figs. 6-8, our reconstruction results match well with neuroanatomy described in previous literature and postmortem studies with histological staining. The atlas of brainstem bundles from this work will facilitate the study of brainstem structure and functions in neuroimaging research of various neurological disorders and can also be of value for neurosurgical planning.
While tractography techniques have been successfully applied for the reconstruction of major fiber bundles in the forebrain (Ahn and Lee, 2011; Auriat et al., 2015; Basser et al., 2000; Berman et al., 2005; Zhang et al., 2010) , their application in the compact brainstem area has been more challenging. The complex anatomy and the usually severe distortion artifacts of the imaging data in the brainstem area are two main difficulties for studying the brainstem connectome. In this work, we leverage the high resolution, multi-shell diffusion imaging data of HCP from two phase encodings to develop a novel atlas of human brainstem pathways. An important strength of our work is that we devoted systematic effort to visually inspect the quality of 488 HCP datasets for the selection of a set of 20 unrelated subjects (10 males, 10 females) with minimal residual distortions from susceptibility. Following wellestablished neuroanatomy, we manually delineate a suite of carefully selected ROIs for the 23 fiber bundles on each of the 20 brain images. Cutting-edge FOD-based tractography and topography-preserving filtering algorithms were then applied to reconstruct the fiber bundles. With the successfully reconstructed bundles from the 20 HCP subjects, we have built the probabilistic atlases of the 23 brainstem bundles in the MNI152 space for public distribution.
Compared with previous efforts on studying the brainstem connectomes using HCP data (Meola et al., 2016a (Meola et al., , 2016b ; van Baarsen et al., Fig. 11 . A comparison of the atlas for the left SCP that projects to the right thalamus. Probabilistic distribution of both bundle atlases were overlaid on four coronal slices of the MNI 152 atlas using the same heat map. These four slices cover the SCP from entering the brainstem until reaching the thalamus. The spurious branch of the previous atlas was highlighted with the blue arrow in the 2nd and 3rd column. 2016), our work has the following unique aspects. First, we carefully examined the distortion artifacts of preprocessed HCP data in the brainstem area and only used data with minimal distortion in our atlas construction. This is critical as we found that more than 80% of the preprocessed HCP data has severe distortions in the brainstem area. No such quality control was conducted in previous works and more than likely these low-quality data were included for studying brainstem connectivity. Second, we performed ROI delineation on individual subjects instead of only in the atlas space. With the high-resolution TDIs, we were able to extract accurate white matter boundaries to serve as key ROIs for constraining the trajectories of fiber bundles such as the SCP_L1 and SCP_R1 ROIS described in the supplemental material. In previous studies, either the SCP or the ICP was constructed as one tract (van Baarsen et al., 2016) even though anatomically they are both composed of several sub-tracts according to the neuroanatomy (Standring, 2016) . In our work, we developed a more refined protocol for both the SCP and ICP to reconstruct their individual components. Our detailed ROI protocol also removes possible outliers in a previous atlas as shown in Fig. 11 . Third, we used our cutting-edge algorithm for FOD reconstruction from multi-shell imaging data and novel tract filtering algorithm for removing outliers from reconstructed bundles. These novel techniques allow the robust reconstruction of crossing fibers from bundles such as the SCP. Overall, these concerted efforts lead to the successful reconstruction of 23 brainstem bundles for atlas construction.
One limitation of our work is that we only focused on the main motor and sensory tracts, and cerebellar peduncles. This choice is based on their relatively well-described anatomy. There is a need of considerable future work to reconstruct pathways from other brainstem nuclei. For example, the brainstem includes a complex network of gray matter and white matter, known as the reticular formation, that is not only vital for the regulation of cardiac, respiratory, muscle and reflex activities, but also important for cerebral arousal and the maintenance of consciousness. Our atlas currently did not include fiber tracts from the raphe nuclei of the reticular formation, which are receiving increasing attention, for example in relation to their involvement in the tau pathology of Alzheimer's disease and related dementias. The trajectories of the fiber tracts from the raphe nuclei, however, are less well-characterized. Advances in tracer injection studies hold the promise of providing increasing amount of knowledge about these challenging pathways (Oh et al., 2014; Zingg et al., 2014) . The delineation of raphe nuclei on current MRI scans is also challenging due to the lack of contrast. Special pulse sequences for highlighting neuromelanin could be valuable for delineating the locus coeruleus, but they are not always available. Fortunately, the main bundles reconstructed in our study have often been used as references for describing the location of the raphe nuclei, so the current atlas can be viewed as a steppingstone toward mapping the fiber pathways from the raphe and other brainstem nuclei. The use of only young and healthy subjects from HCP could be another limitation of our atlas. With advanced nonlinear image registration techniques such as the ANTS software, however, we anticipate our atlas could be applied to a wide range of studies similar to the MNI152 atlas. With the emergence of connectome data from the LifeSpan connectome project and other disease-related connectome projects, we can also apply the same protocol to create customized atlases for specific age and disease groups.
In summary, the main contribution of this work is the creation of a probabilistic atlas of 23 main brainstem bundles using high-quality connectome imaging data and advanced analysis techniques. We have publicly distributed this atlas on the NITRC website and included it in the supplement material of this paper. Our atlas can be valuable in brain imaging studies of various neurological disorders such as the Alzheimer's disease (AD), Parkinson's disease (PD), and multiple sclerosis. It can also serve as a basis for the segmentation of other brainstem structures according to their topographic arrangements. For future work, we will develop automated approaches for the reconstruction of brainstem bundles and study their application in large-scale connectome research. We will also investigate the reconstruction of other fiber bundles such as those from the raphe and other brainstem nuclei and their application in studying brain disorders.
